Synaptosomal-associated protein 29 (SNAP29) is a member of the SNARE family of proteins 20 involved in maintenance of various intracellular protein trafficking pathways. SNAP29 maps to 21 the 22q11.2 region and is deleted in 90% of patients with 22q11.2 deletion syndrome 22 (22q11.2DS). However, the contribution of hemizygosity of SNAP29 to developmental 23 abnormalities in 22q11.2DS remains to be determined. Mutations in SNAP29 are responsible for 24 the developmental syndrome called CEDNIK (cerebral dysgenesis, neuropathy, ichthyosis, and 25 keratoderma). On an inbred C57Bl/6J genetic background, only the ichthyotic skin defect 26 associated with CEDNIK was reported. In this study, we show that loss of function mutation of 27 Snap29 on a mixed genetic background not only models skin abnormalities found in CEDNIK, 28 but also phenocopy ophthalmological, neurological, and motor defects found in these patients 29 and a subset of 22q11.2DS patients. Thus, our findings indicate that mouse models of human 30 syndromes should be analyzed on a mixed genetic background. Our work also reveals an 31 unanticipated requirement for Snap29 in male fertility, and support contribution of hemizygosity 32 for SNAP29 to the phenotypic spectrum of abnormalities found in 22q11.2DS patients. 33 34 CEDNIK (cerebral dysgenesis, neuropathy, ichthyosis, and keratoderma) patients have 35 mutations in SNAP29 and present with a number of clinical manifestations, including skin 36 defects at birth or in the first few months of life, failure to thrive, cerebral malformations, 37 developmental delay, severe mental retardation, roving eye movements during infancy, trunk 38 70 Animals 71 All procedures and experiments were performed according to the guidelines of the 72 Canadian Council on Animal Care and approved by the Animal Care Committee of the RI-73 MUHC. CD1 mice were purchased from Charles River laboratories. Snap29 mutant mouse lines 74 (Snap29 lam/lam ) were generated on a mixed genetic background (CD1; FvB) and maintained on 75 the outbred CD1 genetic background. 76 77
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subsequently dehydrated with 50%, 80%, 90%, 95% and 100% ethanol. Finally, the eye cups 175 were embedded in resin (Durcupan ACM Fluka epoxy resin kit, Sigma-Aldrich, Canada) and 176 placed in an oven at 55 °C for 48 hrs. The resin embedded eye blocks were then cut into 1.0 μm 177 thick sections with an ultramicrotome (Leica EM UC6 microtome, Leica microsystem, USA) and 178 dyed with 0.1% toluidine blue. Retinal photographs were taken using a Zeiss Axiophot (Zeiss 179 microscope, Germany) at a 40X magnification. The thickness of each retinal layer was measured 180 in the supero-temporal region at a position between 680 μm and 1020 μm from the optic nerve 181 head (Polosa et al., 2017) . statistically not significant for all the layer markers tested here.
210
BrdU and EdU labeling and staining 211 Pregnant mice were injected with BrdU (50 mg/kg, i.p.) at E12.5 and E13.5, and with 212 Edu injection (50 mg/kg, i.p.) at E14.5 and E15.5, respectively. Embryos were collected at E17.5 213 and fixed in 4%PFA for 48 hours. Paraffin sections (E17.5, coronal, 6 µm) were used for BrdU 214 and EdU double staining. After deparaffinization and rehydration, antigen retrieval was 215 performed as described above. The sections were first treated with 2N HCl for 30min at RT, then 216 with 0.1M sodium tetraborate for 10 min, and finally with 0.5% Triton X-100 for 10 min. After 217 blocking with 10% goat serum for 1 hr, primary antibody, anti-BrdU antibody (Abcam, ab6326, 218 1:100 in 1% goat serum/PBS), was incubated for 4 o C overnight on each section. Goat anti-rat 219 IgG-Alexa Fluor 594 (1:200, Invitrogen) was applied as a secondary antibody for 1hr, followed 220 by Click-iT reaction cocktail (Alexa Fluor 488, Invitrogen, C10337) for 30 min according to 221 manufacturer's recommendation. Hoechst 33342 was used for nuclear staining. Electroretinogram (ERG) recordings 224 After an overnight dark adaptation, flash ERGs were recorded as previously reported 225 (Polosa et al., 2017) . Briefly, the mice were anesthetized with an intramuscular injection of 226 ketamine (75 mg /kg) and xylazine (12.5 mg/kg) solution. One drop of 1% Mydiacyl and 0.5%
227
Alcaine were used respectively to dilate the pupil and to decrease blinking. The mice were then 228 placed on their right side on a homeothermic heating pad (Harvard Apparatus, Holliston, MA) at 229 a fixed temperature of 37 ° C in a recording chamber of our design. ERGs were recorded by 230 placing a DTL electrode fiber (27/7 X-Static® silver-coated conductive nylon thread, Sauquoit 231 Industries, Scranton, PA, USA) on the cornea and maintained in position with a coat of 232 moisturizing gel (Tear-Gel Novartis Ophthalmic, Novartis Pharmaceuticals Inc., Canada). A 233 reference electrode (Grass E5 disc electrode) was placed under the tongue of the mouse and a 234 ground electrode (Grass E2 subdermal electrode) was inserted subcutaneously in the tail. Full-235 field ERGs (bandwidth: 1-1000Hz, 10,000X, 6db attenuation, Grass P-511 amplifiers) were 236 recorded using the Biopac Data Acquisition System (Biopac MP 100WS, Biopac System Inc.,
237
Goleta, CA, USA). Scotopic ERGs were evoked to gradually brighter flashes of white light 238 ranging from -6.3 log cds.m -2 to 0.9 log cds.m -2 in 0.3 log-unit intervals (Grass PS-22 239 photostimulator, Grass Technologies, Warwick, RI, USA; average of 5 flashes, interval of 240 stimuli: 10sec). Photopic ERGs (background light: 30 cd.m -2 flash intensity: 0.9 cds.m -2 ; average 241 of 20 flashes at 1 flash per second) were recorded after a light adaptation period of 20 minutes 242 following the dark-adaptation period. The amplitude of the a-wave was measured from the level 243 of the baseline to the most negative trough while the amplitude of the b-wave is measured from 244 the trough of a-wave to the fourth positive peak.
246
Skeletal preparations 247 Skeletal preparations with Alcian blue to stain cartilage or Alcian blue/Alizarin red to 248 stain cartilages and skeletons of E14.5, E16.5, P1 and P3 embryo and pups were performed as 249 previously described (Hogan B., 1994). Briefly, whole mount E14.5, E16.5 embryos and P1 and 250 P3 pups were treated with ethanol and acetone for 24 hours after eviscerating and removal of 251 skin (for E16.5, P1 and P3 samples) and stained with Alcian Blue/Alizarin Red stain (Sigma) for 252 3-4 days at 37°C on a rocker. Stained embryos and pups were incubated in 1% KOH for 72-96 253 hrs and washed with 1% KOH/glycerol mixture.
255
Rotarod 256 Rotarod (47600, KYS Technology, UGO Basile S.R.L, Italy) testing was performed as 257 previously described (Dorninger et al., 2017) . Briefly, mice were tested on an accelerating 258 rotarod mode (4-40 rpm) for 300 sec. The latency to fall (in seconds) was recorded. Two 259 rotations in the cylinder were considered as a fall. Each mouse had 3 days training with 3 trials 260 per day and the fourth day was the experimental day. The mean value of the three trials on the 261 experimental day was used for statistical analysis. All five categories of gait parameters classified in (Hamers et al., 2006) (parameters related to   274 individual paws, the position of footprints, and time dependent relationship between footprints) 275 were assessed. Parameters showing differences on the experimental day were also compared for 276 each training day (day1-3). To include data for different trial days, the average of total 277 measurements (wildtype, heterozygous and mutant) for each parameter on a given day was 278 acquired. Each measurement was then divided by the experimental average and the normalized 279 data from different experiments were pooled together before statistical analysis. All final results 280 indicate parameters that showed a significant difference over all 4 days.
282
Grips strength measurement 283 Mice were held by the base of their tail and lowered toward the mesh of the grip strength 284 meter (Bioseb Model GS3). After grasping with their forepaws, the body of the mouse was 285 lowered to be at a 45-degree position with the mesh. The mouse was then pulled by the tail away 286 from the mesh until the grip was broken. Similarly, after grasping with the hind paws, the mice 287 were lowered at the 45-degree position with the bar and pulled until the grip was broken. Nine 288 trials were performed for each mouse and the average was used as the grip strength score for that deletions of exon 2 were mated to wild type CD1 males to establish Snap29 mutant mouse 325 colonies. However, since our analysis of Snap29 lam1 and Snap29 lam2 mutant embryos and pups 326 revealed similar penetrance and expressivity in the phenotypes described below, after 6-327 generation of back-crossing to the outbred CD1 genetic background, these numbers have been 328 combined.
330
Mice with loss of function mutation of Snap29 on a mixed genetic background (CD1; FvB) 331 survive to adulthood.
332
Snap29 heterozygous mutant mice showed no apparent morphological abnormalities, 333 survived to adulthood and were fertile. Inter se mating of Snap29 heterozygous mice revealed 334 normal Mendelian segregation of Snap29 mutant alleles at mid-gestation and at birth (Table 1) . 335 Furthermore, although 35% of Snap29 homozygous mutant pups died within the first few days of 336 life (n=14 of 40), the majority, 65%, survived to weaning and adulthood (n= 26 of 40; Table 2 ).
337
Using western blot analysis, we showed that SNAP9 protein was reduced in dorsal skin of 338 heterozygous P1 pups and undetectable in homozygous mutant samples ( Figure 1C and D, 339 Supplemental figure 2 and 3) when compared to wildtype controls, confirming that deletion of 340 exon 2 abolishes SNAP29 protein production. Thus, we concluded that genetic modifiers on the 341 mixed genetic background allow mice with loss of function mutation in Snap29 to survive to 342 adulthood.
344
Epidermal defects in Snap29 homozygous mutant pups 345 We next assessed whether Snap29 homozygous mutant pups and adult mice exhibited 346 pathologies and abnormalities found in CEDNIK and 22q11.2DS patients. We followed 40 347 Snap29 homozygous mutant pups born from mating between Snap29 heterozygous mice, from 348 birth until weaning (n=18 litters). A small fraction of these homozygous mutant pups died within 349 a few days of birth with no apparent defects (n=2 of 40). However, 86% of homozygous mutant Figure 2I ), including those with no obvious skin defects in the early perinatal 362 period (n= 5). Moreover, a few homozygous mutants showed severe ichthyosis on their nose 363 later in life (n =3/33, data not shown). Thus, Snap29 homozygous mutant mice on a mix genetic 364 background recapitulate variable expressivity of skin abnormalities found in CEDNIK patient.
365
To determine the basis of skin defects in Snap29 homozygous mutant pups, histological 366 analysis of dorsal skin was performed. Hematoxylin and Eosin (H&E) staining at E16.5 revealed 367 no morphological differences between wild type, Snap29 heterozygous and homozygous mutant 368 samples (data not shown). However, at P1-prior to onset of skin abnormalities and P3 -when 369 skin abnormalities were morphologically apparent, epidermis of Snap29 homozygous mutant 370 pups showed hyperkeratosis, and condensed stratum corneum ( Figure 3A Figure 5 ). However, we found that a subset of Snap29 homozygous mutant pups 415 were unable to stand up on their feet after turning onto their stomach (n = 6 of 11) when 416 compared to Snap29 wildtype (n = 0 of 13) and heterozygous (n= 0 of 21) littermates.
417
To determine if motor defects persist in adult Snap29 homozygous mutant mice we used 418 a rotarod, to evaluate neuromuscular coordination, balance and grip strength (Crawley, 1999) in 419 adult males at 5-weeks of age. We found that Snap29 homozygous mutant male mice (n=3) had a 420 shorter latency to fall, when compared to wild type (n=3) and heterozygous mice (n=3) 421 (Supplemental Figure 6 ). These findings suggest that Snap29 homozygous mutant males exhibit 422 deficiencies in neuromuscular coordination, balance and/or grip strength.
423
In parallel, gait, locomotion function and coordination were assessed in 6-weeks old male 424 and female mice using the CatWalk system (Hamers et al., 2006) . We found no correlation 425 between weight of mice and average speed run (Supplemental Figure 7) , therefore, experimental 426 data were adjusted by normalizing against experimental average for each parameter or for each 427 paw per parameters. Furthermore, as speed can be a confounding factor in these studies, we 428 confirmed that the average speed of all animals used for analysis was at speeds that correlate to a Table 4 ). In all 5 groups significant differences 433 were found when Snap29 homozygous mutant mice when compared to control littermates. Figure 8B ; p= <0.0001) were significantly increased in right fore limb (RF) and left fore limb 446 (LF) of female Snap29 homozygous mutants when compared to female controls. Consistent with 447 the temporal changes, the spatial parameter print length -the distance between two prints was 448 also significantly increased in RF and LF of female homozygous mutants ( Figure 5C ; p = 449 0.0011) when compared to controls. were also significantly different in female Snap29 homozygous mutants when compared to 455 controls. Specifically, diagonal support on two paws was significantly decreased in female 456 homozygous mutant mice, ( Figure 5E ; p= 0.0202), and although support on three paws increased 457 in this group, the difference was not statistically significant. In addition, Phase Dispersion
458
LF_right hind limb (RH) Cstat, also referred to as Phase Lag using Circular Statistics, was 459 significantly increased in female homozygous mutants (Supplemental Figure 8D ; p=0.0297).
460
Altogether data acquired using the Catwalk indicate that female Snap29 homozygous mutant 461 mice move slower than controls, and show increased contact with the ground using their 462 forelimbs.
463
In contrast to what was found in female, differences in run characterization, temporal and 464 spatial parameters in male Snap29 homozygous mutant males (n=9), were not statistically 465 significant when compared to male controls (n= 11 wild-type, n=9 for heterozygous). However, 466 changes in kinetic parameters and interlimb coordination were significantly different in male 467 homozygous mutants when compared to controls. Thus, velocity was significantly reduced in 468 RF, LF and left hind limb (LH) ( Figure 6A Since patients with CEDNIK show severe structural and neurological abnormalities in the 503 brain, and given that Snap29 mutant mice exhibited motor defects and no skeletal malformations 504 in their limbs (data not shown), we first assessed whether these mice exhibited brain defects. We 505 first tested if neurons were either not produced or were not proliferating in Snap29 embryonic 506 brain. We assessed proliferation of neurons by injecting pregnant females with BrdU at E13.5 507 and followed by EdU at E15.5 and confocal microscopy to detect new incorporation of those 508 DNA analogs in vivo at E17.5 (Figure 7) . We observed increased labelling of BrdU and EdU in 509 one of four Snap29 homozygous mutant embryos examined ( Figure 7B these four proteins, we compared the lamination of Snap29 homozygous mutant cortex to that of 524 wild type litter mates. No significant differences were found between genotypes ( Figure 8B-E) .
525
As embryonic brains have less well-defined layer structures, instead of using layer numbers we 526 used a grid system that divides the embryonic cortical neuroepithelium into eight parts (each 527 with equal distance; grid 1 is closest to the pial surface and grid 8 is closest to the subventricular 528 zone) for quantification ( Figure 8B-E) . Thus, cerebral abnormalities found in CEDNIK are not 529 modeled in Snap29 homozygous mutant mice on a mixed genetic background.
530
However, since we serendipitously observed seizures in a subset of Snap29 homozygous 531 mutant mice at P10 (N=2/40; Supplemental Video 1), we postulate that these animals may have 532 cerebral malformations but at very reduced penetrance or suffer from neuronal degeneration.
533
Therefore, MRI was used to examine brains of 6-weeks old wildtype (n=3) and Snap29 534 homozygous mutant (n= 3) mice (Supplemental Figure 10) . However, no significant differences 535 were found, suggesting that severe brain malformations are not responsible for motor defects 536 found in Snap29 homozygous mutant mice. Snap29 homozygous mutant males are infertile 557 During our studies, we mated Snap29 homozygous mutant females and males to generate 558 mutants, however, no live births were found from these mating. To determine if Snap29 female 559 or male were infertile, we set up mating of Snap29 homozygous mutant males and females with 560 wild type or heterozygous males and females for 3.9 months. Live births were found in all cases 561 except when mating pairs consisted of a Snap29 homozygous mutant male mouse (n=4) 562 regardless of the genotype of the female: wild type (n=3) or homozygous mutant females (3), 563 indicating that Snap29 homozygous mutant males are infertile (Table 6) . Importantly, mutant 564 male mice were able to mount and generate vaginal plug in females, suggesting that the weaker 565 grip and or lack of coordination is not the cause of this infertility.
566
Analysis of the reproductive organs of these males revealed that the testis/body ratio in 567 Snap29 homozygous mutant mice were significantly less than that of Snap29 heterozygous or 568 wild type males (0.29x10 -2 vs 0.50x10 -2 and 0.54 x10 -2 , respectively; p≤0.05, Kruskal-Wallis 569 ANOVA). We did not observe differences in the weight of epididymis, seminal vesicles, 570 coagulating glands and prostate among the three genotypes (Table 7 ). In addition, a subset of 571 testis of Snap29 homozygous mutant mice revealed abnormal spermatogenesis with abnormal 572 seminiferous tubules with degenerated germ cells, extensive vacuolization, loss of immature 573 germ cells, and giant multinucleated cells ( Figure 10 ). Furthermore, the percentage of abnormal 574 seminiferous tubules were higher in testis of Snap29 homozygous mutant males when compared 575 to heterozygous or wild type mice (10.31±3.67, 2.23±1.06 and 0.15±0.10, respectively; p≤0.05,
576
Kruskal-Wallis ANOVA). In addition, the diameter of degenerated seminiferous tubules was 577 reduced in Snap29 homozygous mutant ( Figure 10D ) when compared to wild type (Figure 10C) , 578 and few seminiferous tubules of testis of Snap29 homozygous mutant mice had spermatozoa in 579 their lumen. Thus, SNAP29 is required for male fertility and specifically for spermatogenesis. Herein we report that abnormalities associated with loss of function mutations of SNAP29 584 in patients with CEDNIK or 22q11.2DS are phenocopied in a Snap29 mutant mouse line on a 585 mixed genetic background. We showed that Snap29 was ubiquitously expressed during mouse 586 development, which is surprising considering the specific defects associated with mutations in 587 human. Furthermore, our comprehensive analysis of Snap29 homozygous mutant mice revealed 588 that many more abnormalities associated with CEDNIK syndrome such as motor defects, skin 589 and retinal defects can be modeled in this organism. Our current analysis also revealed a 590 previously unknown role for Snap29 in male fertility. Since neonatal death of Snap29 591 homozygous mutant pups on the inbred C57 genetic background are due to a compromised skin 592 barrier, we postulate that modifiers on the mixed genetic background rescued this defect. We 593 propose that lethality of this mutant mouse model on the mixed genetic background similar to 594 those of human CEDNIK patients is independent of the role for SNAP29 during skin epidermal 595 differentiation.
597
Mixed genetic background facilitates better model of CEDNIK 598 Mouse models are gold-star experimental models of human genetic conditions, and most 599 abnormalities associated with a given human syndrome can be modeled when the orthologous 600 gene is mutated in mice Papaioannou, 2001, Rajagopal et al., 2007) . However, it is 601 also clear that genetic background can influence expressivity and penetrance of these 602 abnormalities (Doetschman, 2009 ). Thus, it is recommended that genetically engineered mouse 603 models be analyzed on mixed genetic background, so as to identify any major roles played by 604 differences in genetic backgrounds (Doetschman, 2009 ). Since only skin abnormalities were 605 reported in mouse models with loss of function mutation in Snap29 on an inbred C57Bl/6 mouse, 606 we generated and analyzed Snap29 homozygous mutant mice on a mixed CD1; FvB genetic 607 background to identify the influence, if any, of genetic background on the penetrance and 608 expressivity of abnormalities associated with CEDNIK syndrome. On the mixed genetic 609 background, the majority of Snap29 homozygous mutant mice survived the perinatal period and 610 could be studied for other abnormalities associated with CEDNIK syndrome. Our data indicates 611 that genetic background does contribute to expressivity and penetrance of mutations associated 612 with CEDNIK in the mouse model and also revealed unanticipated requirements for Snap29 in 613 the eye and the reproductive tract. 
631
We showed psychomotor delay, motor abnormalities and hypotonia in Snap29 632 homozygous mutant mice. However, this was not associated with defects during neurogenesis or Sprecher et al., 2005) . Thus, we postulate that motor 636 defects in Snap29 homozygous mutant mice may be due to motor neuron degeneration, motor 637 neuron projection, or synaptic transmission. A role for SNAP29 in motor neuron branching is 638 supported by work in zebrafish where altered motor neuronal projections was found in ENU 639 mutants and morphants (Mastrodonato et al., 2019) . We also uncovered attenuation of the ERG 640 signal and thinning of the retinal structures of Snap29 homozygous mutant mice. Our findings 641 suggest that retinal defects found in CEDNIK patients may reflect a primary role for SNAP29 in 642 eye development. 643 Unexpectedly, we found that all Snap29 homozygous mutant males were infertile.
644
However, infertility could not be explained simply by severe abnormalities found in 645 seminiferous tubules, since only 10% of tubules were abnormal. SNAP29 plays a crucial role in 646 SNARE complex assembly during intracellular membrane fusion events, and is implicated in (Sharif et al., 2017) . Hence, we hypothesize that SNAP29 is required for spermatogenesis and 654 molecular mechanisms associated with the acquisition of fertilizing ability by the spermatozoon.
655
Although these results are interesting, the role of SNAP29 in male fertility was not the scope of 656 the present study and further investigation is required to extensively elucidate the participation of 657 SNAP29 in spermatogenesis and sperm function. mutations, mutation of SNAP29 shows incomplete penetrance. In addition, our study revealed 672 that mutation of Snap29 shows incomplete penetrance in mouse. Therefore, we propose that 673 hemizygosity for SNAP29 in the majority of patients with 22q11.2DS contributes to a subset of 674 abnormalities found in these patients. More specifically our studies suggest that SNAP29 may 675 play a role in eye and motor defects found in 22q11.2DS. As 90% of 22q11.2DS patients exhibit 676 motor delays (Bassett et al., 2011) , we propose that our mouse model can be used to investigate 677 the etiology of motor defects in 22q11.2DS and strongly supports SNAP29 as a candidate gene 678 for these deficits. X-GAL permeability assay at E17.5. Wild type embryos (A) and some Snap29 -/-(B) embryos have no coloration suggesting that their skin was not permeable to X-GAL. However, some Snap29 -/-E17.5 embryos (C) showed X-GAL staining on the ventral body wall, suggestive of a delay in skin barrier formation.
A B C +/+ -/--/- Figure 5 . Snap29 mutant female mice exhibit gait defects as measured by Catwalk.
The Catwalk system was used to monitor gait parameters in Snap29 +/+ , Snap29 +/and Snap29 -/females. The run characteristic parameter run average was significantly slower in Snap29 -/females (A). The temporal parameter initial dual stance was significantly elevated in both front paws (B). The spatial parameter print length was significantly increased in RF and LF of Snap29 -/-(C). The kinetic parameter swing speed was decreased in all paws of homozygous mutant animals (D). The interlimb coordination parameter support on two paws was significantly reduced in Snap29 -/females (D). Grip strength was assessed for fore limbs (F) and hind limbs (G). Snap29 -/females exhibited weaker fore and hind limbs than Snap29 +/+ animals. RF: rightfront paw; RH: right hind paw; LF: left front paw and LH: left hind paw. Statistical significance: *: p<0.05, **: p<0.01 and ***: p<0.001. BrdU was injected first at E13.5 and EdU was injected at E15.5 prior to dissection. We observed an increase in BrdU and in EdU signals in the brain of Snap29 -/brain suggesting increased proliferation. Representative layers of the head of 11 weeks old animal. Two wild type animals and 4 mutant animals were analyzed. The MRI revealed no differences between these genotypes. 
